(Received 8 October 2013; accepted 10 January 2014; published online 27 January 2014) Plasmonic metamaterials designed for optical frequency have to be shrunk down to few 10th of nanometer which turns their manufacturing cumbersome. Here, we shift the performance of metamaterial down to ultraviolet (UV) by using ultrathin nanocomposite as a tunable plasmonic metamaterial fabricated with tandem co-deposition. It provides the possibility to realize a plasmonic metamaterial absorber for UV frequency with marginal angle sensitivity. Its resonance frequency and intensity can be adjusted by changing thickness and filling factor of the composite. Presented approach for tunable metamaterials for high frequency could pave the way for their application for thermo-photovoltaic, stealth technology, and UV-protective coating. Plasmonic metamaterials (PMs) as a class of materials with some exotic properties drawn the attention considerably in the last decade due to non-limited potential for vast number of applications such as negative refractive index, 1 nanolaser, 2 and photovoltaics 3 amongst others. Metals, as a core of majority of PM, suffer from losses especially when it is supposed to be contrived for ultraviolet (UV)-visible frequencies. 4 For a metal surrounded by an ideal dielectric, loss is originated by free-electron scattering in the metal and, at high frequencies, through absorption via inter-band transitions. 5 In spite of early consideration of loss as a foremost drawback of PM, the absorptivity is started to be considered as one of the new potential application of PM following the first experimental demonstration of metamaterial perfect absorber (MPA) 6 (For details, see the review by Padilla and co-workers 7 ). Thick film of metal-dielectric [8] [9] [10] or semiconductordielectric 11 composite have been used as spectrally selective absorber since late 70th for solar thermal absorber, whereas the high absorption in metallic composite was attributed to the interband transition of metal and small particle resonance. 9, 10 Because of the large thickness of these films, their application in miniaturized device of 21st century is limited. Replacing small inclusion of nanocomposite with lithographically fabricated nanostructure has been the main trend in development of recent MPA. This approach could realize perfect absorber but due to the narrow band-width, sensitivity to the angle of incidence, and low production tolerance of this complicated structure, their performance could not exceed that of old hybrid films. We have shown recently that instead of using very thick composite, ultra thin film deposited on highly reflecting mirror where the two layers separated with a dielectric layer could act as a super absorber for different frequencies. 12, 13 This approach is enjoying ease of fabrication, low production cost and possessing high efficiency in the sense of absorption intensity, band-width, and angular sensitivity while being ultrathin (20 nm). In such a plasmonic metamaterial super absorber (PMSA), the absorption is routed from several sources: multi-reflection of light from the base mirror which results in multi-excitation of plasmon resonance in particles, destructive interference between the thin layer which (increases) reduces the reflectivity (absorption) 14 and strong light confinement (creation of hot spot) between the small gaps of particles. 12 In general, excluding few exceptions, gold is the leading metallic components of metamaterials in general and metamaterial absorber, in particular, because of its large (plasmonic) absorption in green part of visible. 12, [15] [16] [17] [18] [19] However, the perfect absorption frequency is mainly limited to visible/ near infrared 20 and shifting the resonance to shorter wavelength (e.g., UV) remains as a challenge. Because of interband transitions frequency of silver (in UV region) and its short-wavelength plasmon resonance, silver based perfect absorber can be a promising candidate for high efficient inorganic UV protection layer. In fact, any surface plasmon wave (SPW) propagating along the surface of gold is more attenuated and exhibits higher localization of electromagnetic field in the dielectric than an SPW supported by silver. 21 Therefore, the silver base PM cannot only be more practical for energy absorption but also the light can propagate in metal/dielectric interface for larger distance than that of gold. 22 UV radiation is typically categorized into 3 bands in sequence of rising energy: UV-A (320-400 nm), UV-B (280-320 nm), and UV-C (100-280 nm). This division was put forward by the Commission Interntionale de l'Eclairage (CIE) and corresponds broadly to the effects of UV radiation on biological tissue. Indeed, approximately 5% of the ground-level solar radiation is ultraviolet radiation, mostly in the UV-A range. 23 Accordingly, a practical UV coating layer should be more absorbing in UV-A frequencies. Here, in this report, we design and fabricate a tunable silver-SiO 2 nanocomposite following our recent works 12,13 on a highly reflecting substrate by tandem co-deposition to realize a PMSA which operates through the visible up to UV-A frequency. SiO 2 film as a dielectric used to separate the composite from the base mirror. In this configuration, the huge absorption of light in a broad range of frequency (in visible and UV) can be achieved which surpassing the absorption intensity of recently reported silver absorber. [24] [25] [26] The absorption of presented structure is almost invariant to the angle of incident and its broadband peak can be tuned throughout the UV-visible frequencies, which shows its great potential in sensing applications, too. 27 To demonstrate the feasibility of our absorber functioning as a UV protective layer, we compare the performance of current design with organic counterpart. For that purpose, a dyemolecule incorporated in polymer matrix film 28 was deposited on optically thick silver film as UV absorber, and the absorption intensity and band-width of the both film were collated. It turns out that the absorption intensity of PMSA system is twice of organic one. Not only the absorption intensity of silver base absorber is higher but also its bandwidth cover broader range of frequency than the single-band dye absorber showing its advantage over traditional absorbers. 29 A cylindrical custom-build vacuum chamber was used for sputtering of the metal and dielectric. By two magnetrons with an angle of 50 , co-sputtering was done in order to make a nanocomposite. Simultaneous sputtering from different sources allows deposition of nanocomposites with different filling factors (ff) and thicknesses. For acquiring a homogeneous thickness for the film and uniform dispersion of metals, all depositions were carried out on the samples attaching to a rotatable holder. 30 Spirophenanthrooxazine
, which was used as a photochromic dye, was obtained from Sigma Aldrich. For spin coating a thin layer of SPO doped Polystyrene (PS), 1.2 wt. % of solute, consisting of equal amounts of PS and SPO, was dissolved in toluene. Substrate was hold in vacuum chuck of the spin coater and 70 ll of the desired solution was injected on its surface. The spinning speed of 2000 rpm used for samples to yield a uniform thin film. Thickness measurements were performed using the Dectak 8000 profilometer, and optical analysis was done by a UV-Vis-NIR spectrometer (Lambda 900, Perkin Elmer). Angular reflection measurements of the films were carried out with J. Woolam M-2000 (spectroscopic ellipsometer).
The elemental map of the real sample measured with HRTEM and the schematic geometry of the designed PMSA are presented in Figures 1(a) and 1(b) , correspondingly. The stack is composed of 4 layers. From bottom to up, glass, 200 nm Silver film, 10-30 nm SiO 2 , and 20 nm Silver-SiO 2 composite, respectively. The gap between the nanoparticles (NPs) is very small because of high filling factor of particles. Indeed, the inter-particle distance is varying between 2 nm and 5 nm which guarantees the strong confinement of electric field in such a system. Since the base layer is optically thick (200 nm silver), the transmission is nearly zero and hence reducing the reflectivity to very negligible amount would provide the condition for super absorption.
It is known that silver's reflection is close to 100% over the entire visible region but it reduces to less than 10% in 320 nm due to a surface plasmon resonance. 31 Hence, the absorption of optically thick Ag film is usually below 5% in the visible region. 24 On the other hand, the transparency of Silver-SiO 2 composite with 30%-40% ff is around 44% in visible, but its average reflection is 25%. In Figure 2 (a), transmission and reflection spectra of the 20 nm Silver-SiO 2 composite with 40% ff of metallic particles are depicted. The dissimilarity between the transmission and reflection spectra in Figure 2 (a) could be due to the fact that the transmission spectra which reflect the morphology of the films throughout their depth are more affected by particle aggregation, but reflection spectra are more sensitive to surface structures in the film. 32 The drop in the transmission of composite film stem from the localized particle plasmon resonance (LPPR) of silver particles which revealed at 450 nm. In spite of known sharp resonance peak of silver particle, the dip in spectra of nanocomposite is relatively wide which originate from different shape and size (distribution of particles in sizes) 24 of the particles as well as dipole-dipole interaction within the matrix. 12 The reflection spectra show a broad resonance, too. The appearance of a wide reflection peak at the plasmon frequency illustrates that the composite reflects the light at near resonance wavelength. This can be ascribed to the semi-metallic structure (surface morphology) of high filling factor composite which reflects the light through the visible. Indeed, the intrinsic reflection of composite film provides the condition of Fabry-Perot cavity formation when they are come to proximity of a reflective mirror (which is discussed in the following).
It is known that metallic particles in air have a different optical property than of metal-dielectric nanocomposite. The resonance red-shift when the refractive index of the adjacent dielectric increases. This effect is more pronounced once the particle is come within reach of a metallic substrate. 33 In other words, when a dielectric envelop the isolated metallic nanoparticle, the induced screening charges on the metal-dielectric interface lower the plasmon excitation energy ensuing in redshifting of the resonance. Similarly, for coupled nanoparticles, the dielectric materials also screen and weaken the interaction between metal nanoparticles and decrease the shift of the coupled plasmon. 34 According to the mentioned reason, we are able to shift the resonance peak of Ag from UV to visible by depositing silver-SiO 2 nanocomposite atop of a mirror. Beside the particles coupling inside the composite, the resonance further red-shifts due to the fact that the particle dipole is anti-symmetrically coupled to its image inside the silver mirror. 33 In addition to the plasmonic absorption of ensembles of particles (i.e., nanocomposite), interference also contribute to its low reflectivity. 14 In such a stack of layers (nanostructure and continuous metallic film), the reflection reduction is achieved due the impedance matching of the system and air. On other hand, the Fabry-Perot cavity is created between the top composite and the bottom mirror leading to strong interference between the incident and the reflected wave. In other words, the superposition of the multiple reflections from the base layer destructively interferes with the direct reflection from the air-composite interface. With the optimized interlayer thickness, these two waves counteract each other ensuing in zero reflection; whereas with other spacer thicknesses (Figure 2(b) ) the amplitude and phase do not or partially match, leading to a less intense absorption peak and subsequent frequency shift. 35 As mentioned above, in spite of the narrow resonance band of silver, the composite has a broad resonance width due to the dispersive size of the particles and particle-particle (dipole-dipole) interaction within the layer. Apart from these effects, deviation from perfect spherical shape could profoundly influence the large broadening. 36 Therefore, the cavity resonance is occurred at several wavelength leading to vanishing of reflection in a broad range of frequency. Since the base layer is optically thick, no light transmit through the layers and consequently super absorption is achieved.
In contrast to other reported composite-based super absorbers, the presented silver base PMSA is unique since the absorption intensity is reaching 100% in UV (up to green part of visible) which is the first PMSA reported for such a high frequency (UV-A wavelength). The film appearance is dark-red demonstrating that this PMSA is highly reflecting at red part of spectra (Figure 2(c) ).
Macroscopically consideration of the system shows that the absorption band is split into two separate (broad) peaks similar to the stacks of silver cluster and mirror. 14 We attribute the resonance at shorter wavelength (around 360 nm) to the silver interband transition. Indeed, the interband transition from occupied d states to unoccupied p and s states above Fermi level appears at 310 nm and 350 nm in bulk silver, correspondingly. But, for silver nanostructures such an electron transitions could occur above 350 nm wavelength and depend on nanostructure geometry. 24 The second broad peak which appears at longer wavelength might stem from localized surface plasmon resonance of the silver particles (370 nm) and interference (550-600 nm). This becomes more apparent when the thickness of the composite changes. In Figure 2(b) , the absorption spectra of silver-SiO 2 nanocomposite with 15 nm, 20 nm, 25 nm, and 30 nm thickness are shown. The low frequency peak position red-shift with thickening the film which is a sign that the peak is interference routed.
14 Moreover, the peak itself split into two parts as long as the composite thickness raises from 10 to 30 nm. Further thickening of the composite results in a drop in the absorption in visible and hence reduce the efficiency of the system, though it further broaden the spectra.
Beside of the two mentioned wide-band peak, a dip in absorption spectra reveals at very short wavelength (around 325 nm). From the first glance, it might be concluded that this dip is routed from the small transmission of silver film at 320 nm (Figure 2(d) ). But the drop intensity is around 30% meaning 10 times bigger than the transmission intensity of film.
It is known that surface plasmon resonance can be excited on the silver film at around 340 nm due to the roughness originated from deposition. 37, 38 Therefore, the reflection spectra of the stacks will show two dips at higher frequency; One at 320 associated with the plasma frequency of silver and the second one at around 340 nm corresponding to the surface plasmon resonance of the bulk silver. In other words, two reflection dips reveal in the spectra of silver mirror one at 340 and the other one at 320 nm. Therefore, the mentioned drop (reflection peak) in the absorption is the boundary of two resonance phenomenon which occurred in the present multi-stack. 39, 40 Reflection measurement at different angle of incidence with two different polarizations (-s and -p) (Figure 3 ) showed that the current PMSA is almost angle and polarization invariant. The reflection intensity stay low for both polarization even at high incidence angle (60 ) demonstrating that the performance of such a PMSA is not being influenced considerably by angle of incidence. Nevertheless, there is a slight difference in s-and p-polarization that we attributed to the Brewster angle. Generally, the s-polarized reflection in a metamaterials can reach to zero at higher angle of incidence provided that the permeability of the materials is non-unity. 41 Since the permeability of current metamaterial is not unity in visible regime; 12 therefore, the reflection is vanishing for s-polarization at certain frequency while p-polarized light slightly reflect-off the surface.
Alteration of ff is an other fundamental parameters which can tune the optical response of this PMSA. Figure 4(a) shows the absorption spectra of the Silver-SiO 2 nanocomposite with different filling factors while the other parameters kept constant. As long as the ff increases, the spectra red-shift and its band broadens. However, above the certain composition (optimized value), the absorption band starts to shrink again. The above shift could be attributed to the amplified electromagnetic interaction among the particles in addition to the change in the effective permittivity of the surrounding medium as predicted by Maxwell-Garnett theory. 36 For our developed system, it seems that 42% ff show the best performance and the width of the absorption peak (with intensity higher than 95%) becomes 220 nm (Figure 4(b) ).
In the current PMSA, the sensitivity of the absorption intensity to the filling factor variation is less than the thickness. We attribute the mentioned difference to the limited range of filling factor variation. On other hand, the region of near percolation is very restricted, and a little increment of the metal ratio leads to the metallic behavior of composite and therefore the reflection increment (absorption drop) of the stack. 12 Around the percolation threshold (around 50%), the peak broadening starts to decrease (Figure 4 (a) (olive curve)) prior to dropping sharply after percolation. This is owing to the decline in scattering of the conduction electrons by surfaces and discontinuities. 42 In other words, the high ff only could give rise to high absorption provided that the particles are discontinuous and do not make any metallic chains in the matrix. In fact, incorporation of solid dielectric between the particles (for formation of composite) provides the chance to keep them distant from others and delay the interconnection up to relatively high ff of metals.
In order to prove the better performance of the current PMSA compared to the known dye UV absorber, polystyrene film doped with spirooxazine molecules were spin coated on 200 nm thick silver film. Based on the optimization experiments, the most intense absorption can be realized when the thickness of the coating is around 40 nm and its highly concentrated (50% SPO). The absorption spectra of the silver absorber and UV irradiated organic coating are depicted in Figure 4 (c). It is clear that the absorption intensity as well as band-width of silver PMSA is larger than its organic counterpart. Indeed, the average absorption of the doped polystyrene in the UV-A range is (45%) half of the absorption intensity of the silver absorber (92%) further showing that the PMSA can be a higher efficiency alternative for organic UV protection layer. It is worth mentioning that the absorption dip in high frequency (in PMSA) can be reduced by thinning the spacer layer down to 10 nm but in the expense of overall absorption reduction (in otherwise wavelengths). In other words, one can compensate the drop and increase the absorption intensity up to 90% at 325 nm by thinning the spacer layer (Figure 4 (c) (blue curve)).
We believe that the presented perfect absorber might pave the way of metamaterials application for thermo-photovoltaic, 43 stealth technology, 44 and UV-protective coating. 23 Note that the long-term stability of silver is rather poor. 21, 45 Indeed, oxygen or water could penetrate even dense silica matrices on a scale of days, not only through pores but even through the matrix network and deteriorate its optical properties. 46 Therefore, more efforts and improvements are needed to upscale the fabrication of the present PMSA for long term performance.
In summary, a plasmonic tunable metamaterial absorber is presented for UV part of spectrum. The absorption frequency and intensity of the metamaterial are considerably tuned throughout the UV-visible wavelengths. We achieved this unprecedented level of wavelength and intensity agility by varying the nanoparticle volume fraction, composite, and spacer layer thickness. It was shown that the absorption of silver PMSA is twice of organic absorber in UV and visible range. Therefore, this class of metamaterial could be a promising candidate for highly UV and visible absorbing coatings.
